Abstract Advanced aging is associated with the loss of structural and biomechanical properties in bones, which increases the risk for bone fracture. Aging is also associated with reductions in circulating levels of the anabolic signaling hormone, insulin-like growth factor (IGF)-1. While the role of IGF-1 in bone development has been well characterized, the impact of the age-related loss of IGF-1 on bone aging remains controversial. Here, we describe the effects of reducing IGF-1 at multiple time points in the mouse life span-early in postnatal development, early adulthood, or late adulthood on tibia bone aging in both male and female igf f/f mice. Bone structure was analyzed at 27 months of age using microCT. We find that age-related reductions in cortical bone fraction, cortical thickness, and tissue mineral density were more pronounced when IGF-1 was reduced early in life and not in late adulthood. Three-point bone bending assays revealed that IGF-1 deficiency early in life resulted in reduced maximum force, maximum bending moment, and bone stiffness in aged males and females. The effects of IGF-1 on bone aging are microenvironment specific, as early-life loss of IGF-1 resulted in decreased cortical bone structure and strength along the diaphysis while significantly increasing trabecular bone fraction and trabecular number at the proximal metaphysis. The increases in trabecular bone were limited to males, as early-life loss of IGF-1 did not alter bone fraction or number in females. Together, our data suggest that the age-related loss of IGF-1 influences tibia bone aging in a sex-specific, microenvironment-specific, and timedependent manner.
Introduction
The loss of structural and biomechanical properties in aged bones leads to increased fragility and increased susceptibility to bone fracture. Decreased osteoblast activity, with a concomitant increase in osteoclast activity and adipogenesis, ultimately leads to increased bone resorption with the resulting loss of bone structure in advanced age. As important regulators of bone cell function, growth factors such as insulin-like growth factor-1 (IGF-1) likely influence the age-related changes observed in these cells. IGF-1 promotes the differentiation and maturation of chondrocytes, osteoblasts, and osteoclasts (Wang et al. 2006a (Wang et al. , 2011 (Wang et al. , 2013 Xian et al. 2012) . Thus, it is not surprising that reduced IGF-1 signaling has been associated with impaired bone development. It has previously been reported that animals with a homozygous knock-out of IGF-1, which die prematurely, exhibit significantly reduced bone and body growth Bikle et al. 2001; Liu et al. 1993; Wang et al. 2006b; Woods et al. 1996) . Decreased production of IGF-1 in the liver, where a majority of IGF-1 in circulation is derived, results in decreased bone length (Sjogren et al. 2002) , bone mineral density (Courtland et al. 2011) , and femoral strength and stiffness (Yakar et al. 2009 ) in adulthood. IGF-1 can also be produced locally within the chondrocytes and osteoblasts. Conditional knock-out of IGF-1 production within these cells also leads to decreased bone mineral density and reduced bone mass (Govoni et al. 2007a; Govoni et al. 2007b ). Moreover, knock-out of the IGF receptor in osteoblasts leads to impairments in bone volume and mineralization (Kubota et al. 2013; Zhang et al. 2002) . Together, these studies highlight the critical role for IGF-1 signaling in bone development.
Despite the importance for IGF-1 in bone development, very few studies have addressed the effects of IGF-1 on bone aging. In one study, cortical thickness in the aged femur was significantly increased when an important stabilizing protein for IGF-1, acid-labile subunit (ALS), was knocked out early in life (Courtland et al. 2013 ). Contrary to these data, a recent study found that a decrease in circulating IGF-1 during adulthood leads to reduced cortical and trabecular bone thickness in the femur during aging (Gong et al. 2014) . Together, these disparate results suggest that the consequences of IGF-1 deficiency may be dependent on the stage of life that the deficiency is induced. In support of this concept, we recently reported that the age of onset of IGF-1 deficiency differentially influenced vertebral agingearly-life loss of IGF-1 was associated with increased trabecular structure in advanced age, while late-life loss of IGF-1 had no effect (Ashpole et al. 2015) .
The differing effects of IGF-1 deficiency on bone structure may be the result of normal fluctuations in IGF-1 throughout the life span. There is a robust surge in circulating IGF-1 during adolescence, a time of rapid growth and bone maturation. The knock-out studies suggest that this surge in IGF-1 is important for bone development but detrimental to bone structure in advanced aging. Following puberty, IGF-1 levels steadily decline into advanced age (Bando et al. 1991; Corpas et al. 1993; Niblock et al. 1998; Smith et al. 1989 ). The conditional knock-out induced during adulthood suggests that this loss is detrimental to bone aging. Moreover, clinical studies indicate that reduced levels of IGF-1 are associated with decreased bone mineral density (Gillberg et al. 2002; Janssen et al. 1998; Kurland et al. 1997; Langlois et al. 1998; Mohamad and Khater 2015; Rhee et al. 2004; Sugimoto et al. 1997; Szulc et al. 2004 ) and increased risk of osteoporosis in advanced age (Kurland et al. 1997; Liu et al. 2008; Paccou et al. 2012; Sugimoto et al. 1997) . Considering this, it is possible that early-life deficiency in IGF-1 may have differing effects on bone aging than deficiency induced later in life.
Here, we examine the effects of early-life, mid-life, and late-life IGF-1 deficiencies on tibia bone structure and strength in 27-month aged mice. In addition, our study includes male and female mice in order to examine sex-specific changes in bone aging. Moreover, we elucidate microenvironment-specific effects by assessing both cortical bone in the diaphysis and trabecular bone in the metaphysis. Our results provide evidence that IGF-1 influences tibia aging in a time-dependent, sex-specific, and microenvironment-specific manner.
Materials and methods

Animals
All procedures were approved by and followed the guidelines of the Institutional Animal Care and Use Committee and veterinarians at University of Oklahoma Health Sciences Center (OUHSC). Male and female igf1 f/f mice were purchased from Jackson Laboratories (B6.129(FVB)-Igf1<tm1Dlr>/J) and backcrossed to C57Bl/6 for six generations in house. Cre recombination in this strain results in the excision of exon 4 of IGF-1, a region responsible for the binding of IGF-1 to the IGF receptor. All animals were housed (three to four per cage) in Allentown XJ cages with Anderson's Enrich-o-cob bedding (Maumee, OH) on a 12-h light/12-h dark cycle at 21 ± 2°C, as previously described (Ashpole et al. 2015) . The animals were maintained in the specific pathogen-free Rodent Barrier Facility at OUHSC where all animals are free of helicobacter and parvovirus. Mice were given access to standard irradiated bacteria-free rodent chow (5053 Pico Lab, Purina Mills, Richmond, IN) and reverse osmosis water ad libitum.
The numbers of animals per group as well as the baseline information for each group (weight, % body fat, age, IGF-1 levels) are outlined in Table 1 . To target IGF-1 production early in development, igf1 f/f mice were crossed with mice expressing Cre recombinase under an albumin promoter, as previously described (Yakar et al. 1999) . The albumin gene is induced in the liver between post-natal day 10 and 15, thereby decreasing effective IGF-1 production early after birth (mice termed liver IGF-1-deficient (LID 10d )). To target IGF-1 production in adulthood, adeno-associated virus (AAV8) containing Cre recombinase under the hepatocyte-specific thyroxine binding globin (TBG) promoter was purchased from the University of Pennsylvania Viral Vector Core (Toth et al. 2014) . At 5 or 15 months of age, igf1 f/f mice were randomly assigned to treatment groups, anesthetized via intraperitoneal injection of 20 % ketamine/3 % xylazine, and given a retro-orbital injection of approximately 1.3 × 10 10 viral particles of AAV8-TBG-Cre or AAV8-TBG-eGFP diluted in 100 μl of physiological saline (Toth et al. 2014 ). Mice were monitored in their home cage until they were fully recovered from anesthesia. No mice exhibited adverse side effects of viral treatment. Mice that received AAV8-TBG-Cre at 5 months of age were termed LID 5m , and mice that received AAV8-TBG-Cre at 15 months of age were termed LID 15m . Aged studies were performed when animals were 27 months of age. Wild-type C57/Bl6 male and female mice (3-4 months of age) were purchased from Jackson Laboratories to serve as young reference controls in the structural studies (n = 3-5 per group). At the time of analysis, the order in which the mice were harvested was randomized using a block design.
Sera analysis: Whole blood was isolated from the submandibular vein and sera were separated via lowspeed centrifugation (2500×g for 20 min at 4°C). IGF-1 concentrations in the sera were quantified using the Mouse IGF-1 Quantikine ELISA kit (R&D Systems, Minneapolis, MN) in duplicate following the manufacturer's recommendation.
Bone microCT
As previously described (Mocsai et al. 2004; Torchia et al. 2001) , the tibia was fixed in 4 % formaldehyde and 70 % ethanol and scanned using a high-resolution Scanco vivaCT 40μCT scanner (Scanco Medical, Bassersdorf, Switzerland) with a resolution of 10.5 μm. A total of 100 consecutive 10.5-μm-thick sections of cancellous bone were analyzed. The segmentation values were set at 0.8/1/210. Cortical bone analysis was done in the proximal tibiofibular junction, with a total of 30 consecutive 10.5-μm-thick sections semiautomatically evaluated. The segmentation values were set at 0.8/1/260. Three-dimensional reconstruction and structural parameter quantification were calculated using Scanco Medical software by a blinded researcher. Nomenclature for the microCT studies followed the previously established guidelines (Bouxsein et al. 2010 ).
Bone bending
Three-point-bend tests were performed on an MTS 858 Mini Bionix system (MTS Systems, Eden Prairie, MN). The tibiae were cleaned, wrapped in saline-moistened gauze, and frozen at −80°C until shipment to the University of Alabama at Birmingham (UAB) Biomechanics Core. Bone length was quantified, and the bones were mounted such that primary loading occurred in the mediolateral direction. The length between the bottom two supports was recorded prior to each test. The rate of loading was set to 0.5 mm/s with a sampling rate of 100 Hz. Data were recorded using MTS Basic TestWare with relevant parameters being time, axial force, and deflection. The data were important into Excel for analysis, and the max force, stiffness, and max bending moment were calculated.
Statistics
Data were analyzed, and figures were generated using SigmaPlot version 11 (Systat Software, San Jose, CA). Each animal was a unit of analysis. One-way ANOVA with post hoc Bonferroni test was used to identify differences between the multiple treatment groups compared to aged and/or young controls. For ease of comparison, the three control groups (wild type, 5-month green fluorescent protein (GFP), and 15-month GFP) were pooled and labeled wild type (WT). No differences between the individual control groups were observed. A p value less than 0.05 was considered statistically significant. Data are expressed as mean ± SEM.
Results
General
In this study, a deficiency in circulating IGF-1 was induced early in life (LID 10d ), at 5 months of age (LID 5m ), or at 15 months of age (LID 15m ) as previously described (Ashpole et al. 2015) . In these models, IGF-1 production in the liver is knocked down using Cre recombinase driven by a liver-specific promoter. The reduced levels of circulating IGF-1 are maintained throughout the life span, and levels at 27 months of age remain 30 % of that observed in the aged control mice (Table 1) . Consistent with previous studies highlighting the anabolic effects of IGF-1 on body weight, the IGF-1-deficient male and female mice exhibited a significant reduction in body weight late in life ( Table 1 ). The IGF-1-deficient mice had no significant change in the percent body fat, although there was a trending decrease in the early-life LID 10d males (p = 0.2) and females (p = 0.16) ( Table 1) . Despite the reductions in body weight, there were no differences in tibia length compared to control male or female mice (Table 1) .
Trabecular bone
The architecture of the trabecular bone was assessed just distal to the epiphyseal growth plate in the proximal tibial metaphysis using micro-CT. In male mice, earlylife deficiency of IGF-1 (LID 10d ) resulted in a significant increase in the trabecular bone fraction with an accompanying increase in trabecular number and decrease in the spacing between trabeculae (Table 1 ). This effect was only observed in response to early-life deficiency of IGF-1 (LID 10d ); trabecular bone structure was not altered in LID 5m or LID 15m in males. The effects of IGF-1 deficiency on the trabecular bone in females differed from what was observed in the males. Within the females, early-life IGF-1 deficiency (LID 10d ) did not lead to changes in the trabecular bone fraction or trabecular number (Table 1 ). The LID 10d females exhibited a significant decrease in trabecular thickness; however, the net effect on trabecular spacing was not significant. LID 5m females also exhibited a significant decrease in thickness compared to aged control females with no change in trabecular spacing. In contrast, LID 15m females exhibited significantly increased bone fraction and trabecular number with a corresponding decrease in trabecular spacing (Table 1) . Together, these data are Average age, body weight, percent body fat, IGF-1 levels, and trabecular bone measured in the tibia at 27 months of age consistent with our previous findings that the effect of IGF-1 on trabecular bone structure is sex-specific and dependent on the age of onset of IGF-1 deficiency (Ashpole et al. 2015) .
Cortical bone
The structure of the cortical bone was quantified along the metaphysis distal to the tibiofibular junction using μCT. Young mice were included in this analysis to assess general age-related changes in structure. There was no effect of age in the cross-sectional area, bone area, and cortical bone fraction of control mice (Fig. 1a-d) . However, aged male control animals did demonstrate a decrease in cortical thickness (Fig. 1e) , which was even more pronounced in the IGF-1-deficient LID 10d and LID 5m groups (Fig. 1e) . Decreased circulating IGF-1 in the male LID 10d and LID 5m groups also resulted in a significant reduction in cross-sectional area, bone area, and cortical bone fraction when compared to age-matched controls ( Fig. 1a-d) . IGF-1 deficiency induced later in adulthood (LID 15m ) did not alter cortical bone structure (Fig. 1a-e) . These results indicate that levels of circulating IGF-1 during early and adult life are necessary for the maintenance of bone integrity later during the life span in male mice.
Aged female control mice exhibited a significant agerelated reduction in the total cross-sectional area, bone area, cortical bone fraction, and cortical thickness compared to young animals ( Fig. 2a-e) . These decreases were further exacerbated in LID 10d females (Fig. 2a-e) . The LID 5m females also exhibited a significant reduction in cortical bone area compared to aged controls (Fig. 2c) ; however, the differences in cortical bone fraction and cortical thickness in this group did not reach statistical significance (Fig. 2d, e) . Consistent with the findings in male mice, reduced circulating levels of IGF-1 beginning at 15 months of age had no effect on aging cortical bone structure (Fig. 2a-e) .
Mineral density
Tissue and bone mineral densities in the cortical bone were significantly decreased in aged LID 10d and LID 5m males (Fig. 3a, b) . No differences were observed in the LID 15m group (Fig. 3a, b) , suggesting that early levels of circulating IGF-1 are important for establishing and/or maintaining mineral density in males. In females, tissue mineral density was decreased in all of the aged groups and mineral density was decreased further when IGF-1 deficiency was induced at 10 days of age (LID 10d , Fig. 3c ). No changes were observed in bone mineral density in any of the female treatment groups (Fig. 3d) .
Bone integrity
Alterations in cortical bone structure often underscore changes in geometric resistance to loading and torsion. Therefore, we estimated the geometric-based structural strength of these bones by calculating the moments of inertia from the μCT data. Male mice exhibited an agerelated increase in polar moment of inertia as well as maximum and minimum moments of inertia with age ( Fig. 4a-c) . This finding is consistent with previous data showing that moments of inertia continue to develop past early adulthood in humans and mice (Brodt et al. 1999; Ruff and Hayes 1982; Willinghamm et al. 2010 ). The LID 5m males exhibited a significant decrease in polar moment of inertia (Fig. 4a) as well as maximum moment of inertia (Fig. 4b) . Both the LID 10d and LID 5m mice exhibited significant decreases in the minimum moments of inertia (Fig. 4c) . No differences in these measures were observed in response to a reduction in IGF-1 at 15 months of age (LID 15m ).
Aged female control mice showed no statistical differences in moments of inertia compared to young mice ( Fig. 4d-f) . However, the early-life LID 10d mice exhibited a significant decrease in the polar moment of inertia (Fig. 4d) and maximum moment of inertia (Fig. 4e) , consistent with the decrease in cortical bone structure and area observed in these mice (Fig. 2) . No differences were observed in the LID 15m female group (Fig. 4d, e) . Similar to the males, female LID 10d and LID 5m groups exhibited a significant decline in minimum moment of inertia (Fig. 4f) .
Bone strength
Decreases in the polar moment of inertia and bone mineral density within our IGF-1-deficient male mice predict a decrease in bone strength. Thus, we next assessed the biomechanical properties in these mice using a three-point bone-bending assay. The maximum force (N) applied before bone breaking and the maximum bending moment (N*cm) were significantly reduced in the LID 10d male mice (Fig. 5a, b) indicating reduced bone strength in this group. There was no significant difference in the maximum force before breaking or the maximum bending moment in the male LID 5m mice. These data diverge from the moment of inertia study that showed that LID 5m mice exhibited the greatest deficiencies in geometric-based strength (Fig. 4) , although in both cases, the mice deficient in IGF-1 before 15 months of age show trending decreases in geometric structure and strength. Interestingly, bone stiffness was reduced in all of the IGF-1-deficient male mice (Fig. 5c) . Taken together, these data suggest that the loss of IGF-1 in male mice leads to inferior whole-bone mechanical properties in advanced age. Moreover, these detrimental effects on bone aging in males are most pronounced when IGF-1 is reduced early in life span.
IGF-1 deficiency also led to alterations in bone bending characteristics in the tibias of female mice. The maximum force applied before bone breaking and the maximum bending moment were significantly reduced Aged (27 months) Fig. 1 Early-life reductions in IGF-1 lead to decreased cortical bone structure in aged males. a Representative images of the cortical bone in the metaphysis of the tibia in young (n = 3), aged (n = 19), and aged IGF-1-deficient male mice (n = 6-7 per group). Average b cross-sectional area, c bone area, d cortical area fraction (BV/TV), and e cortical thickness in the metaphysis of the tibia in young, aged, and aged IGF-1-deficient male mice. The pound sign indicates a significant difference compared to wild-type controls at that time point, while the asterisk indicates a significant difference in the wild-type mice compared to the young 2-month time point, *#p < 0.05, mean ± SEM in all IGF-1-deficient groups (Fig. 5d, e) , suggesting that a loss of IGF-1 at any point in female life span was detrimental to bone strength late in life. These data are consistent with the structural studies examining the moments of inertia in these bones (Fig. 4) . Bone stiffness was also reduced in LID 10d and LID 5m animals ( Fig. 5d) . Together, these data indicate that circulating IGF-1 impacts tibia bone strength in advanced age and a loss of IGF-1 throughout life in females is detrimental to bone structure and strength.
Discussion
Advanced aging is associated with decreases in bone structure in humans, rats, and mice. The decrease in structure leads to increased risk of osteoporotic fractures-a complication faced by 8.9 million adults annually (50). Thus, understanding the mechanisms of bone aging is of critical importance. Our current study examined the effects of IGF-1 deficiency on age-related changes in the tibia. IGF-1 levels increase during Aged (27 months)
Total Cortical Cross-Sectional Area (mm ) 2 Fig. 2 Early-life reductions in IGF-1 lead to decreased cortical bone structure in aged females. a Representative images of the cortical bone in the metaphysis of the tibia in young (n = 3), aged (n = 18), and aged IGF-1-deficient female mice (n = 5-7). Average b cross-sectional area, c bone area, d cortical area fraction (BV/ TV), and e cortical thickness in the metaphysis of the tibia in young, aged, and aged IGF-1-deficient female mice. The pound sign indicates a significant difference compared to wild-type controls at that time point, while the asterisk indicates a significant difference in the wild-type mice compared to the young 2-month time point, *#p < 0.05, mean ± SEM adolescence and steadily decline in adulthood. While the age-associated decrease in IGF-1 has been reported to be beneficial for overall life span of several rodent species, it is closely associated with the loss of muscle and bone structure in humans (as reviewed by Sonntag et al. 2012) . We recently reported that 27-month aged mice exhibit a reduction in circulating IGF-1 and a corresponding decrease in vertebral bone volume (Ashpole et al. 2015) . We now report that in the tibia, aged WT mice exhibit significant reductions in several structural parameters including cortical bone fraction. Importantly, early-life reductions in IGF-1 exacerbated the age-related reductions in many of the observed bone phenotypes including a loss of geometric structure and reduced strength in advanced age. Together, our data suggest that reduced levels of circulating IGF-1 early in life are detrimental to the overall health of tibia bones in advanced age.
Previous studies have shown differential effects of IGF-1 on bone aging. In one study, early-life loss of IGF-1 (along with an important stabilizing protein) resulted in increased cortical thickness in advanced age (Courtland et al. 2013) . In another, IGF-1 deficiency beginning in early adulthood resulted in reduced cortical thickness (Gong et al. 2014 ). The discrepancies in these studies could be associated with the use of different animal models and/or the different ages at which IGF-1 deficiency began. In our study, there were pronounced deficits in cortical bone fraction, tissue mineral density, and maximum force before bone breaking when IGF-1 deficiency began early in postnatal development (around 10 days) in both males and females. However, deficiencies beginning in late adulthood (15 months) induced far fewer alterations in bone structure and strength. Together, these data suggest that the time at which IGF-1 deficiency began had a dramatic influence 
Males Females Fig. 3 Early-life reductions in IGF-1 lead to decreased mineral density in aged mice. Average tissue mineral density in young (n = 3), aged (n = 18-19), and aged IGF-1-deficient a male and b female mice (n = 5-7). Average tissue mineral density in young, aged, and aged IGF-1-deficient c male and d female mice. The pound sign indicates a significant difference compared to wildtype controls at that time point, while the asterisk indicates a significant difference in the wild-type mice compared to the young 2-month time point, *#p < 0.05, mean ± SEM on the phenotype of bone at 28 months of age. Mechanistically, the age-of-onset dependence could be related to the continued acquisition of peak bone mass into adulthood in murine models (as reviewed by Jilka 2013). Unlike humans, mice exhibit significant increases in bone growth following sexual maturity. Thus, growth factors like IGF-1 may continue influencing bone acquisition and remodeling after post-natal development. Future studies should examine whether these changes in cortical bone structure and strength in aged IGF-1-deficient mice are due to a failure to achieve equal peak bone mass or a differential loss of bone with age. Several studies have highlighted sex-specific differences in bone aging, with females often showing enhanced bone loss compared to males (Riggs et al. 2004 ). and aged IGF-1-deficient male mice. The pound sign indicates a significant difference compared to wild-type controls at that time point, while the asterisk indicates a significant difference in the wild-type mice compared to the young 2-month time point, *#p < 0.05, mean ± SEM Our data are consistent with these previous reports with aged WT females exhibiting significant decreases in cortical bone area, cortical bone fraction, and tissue mineral density, while males showed minimal alterations. Unlike WT mice, both male and female IGF-1-deficient mice exhibited a loss in cortical bone structure as well as tissue and bone mineral densities, suggesting that adequate levels of IGF-1 are necessary to maintain bone health with age in both sexes. Interestingly, earlylife loss of IGF-1 resulted in increased trabecular bone in aged males, with no effect observed in females. We recently reported sex-specific effects on trabecular bone Average a force applied to the tibia before bone breaking, b maximum bending moment, and c stiffness in the tibia of wild-type (n = 12) and IGF-1-deficient male mice (n = 4-6 per group), as measured by three-point bending test.
Average d force applied to the tibia before bone breaking, e maximum bending moment, and f stiffness in the tibia of wildtype (n = 10) and IGF-1-deficient female mice (n = 4-5 per group).
The pound sign indicates a significant difference compared to wild-type controls at that time point, #p < 0.05, mean ± SEM aging in the vertebrae (Ashpole et al. 2015) , where we observed significant increased trabecular bone in the aged females, with no effect in the males. While the mechanistic differences between the effects of IGF-1 in the vertebrae and tibia are not understood, site-specific and compartment-specific changes in bone have been reported (Courtland et al. 2011; Eckstein et al. 2007; Glatt et al. 2007; Willinghamm et al. 2010) ; thus, it is likely that microenvironments within different bones may be differentially affected by IGF-1 in advanced age. As a key growth signal in the body, IGF-1 levels are tightly regulated. Growth hormone (GH), released from the pituitary gland, activates the GH receptor within the liver, which responds by elevating the production and release of IGF-1. In addition, tissues like the bone are also able to produce and release IGF-1 locally in a paracrine/autocrine manner (Guntur and Rosen 2013 ). In the current study, we reduced IGF-1 production specifically in the liver (which accounts for ∼70 % of circulating IGF-1). It is possible that this robust reduction of circulating IGF-1 is compensated for by increased IGF-1 production in the bone itself. Moreover, due to neuroendocrine feedback mechanisms, IGF-1-deficient mice also exhibit significantly increased GH levels in circulation (Yakar et al. 2001) . Since GH also regulates bone structure and strength (as reviewed by Yakar and Isaksson 2015) , we cannot rule out the possibility that the observed changes within the structure of the bone are not influenced by alterations in GH or local IGF-1. While this is important to note, previous studies on the effects of local GH/IGF-1 signaling in the bone do not support the idea that increased GH/IGF-1 would result in decreased bone structure or function (BrennanSperanza et al. 2011; Wu et al. 2013; Zhao et al. 2000) .
It is possible that reductions in circulating IGF-1 alter the cellular populations that regulate bone turnover within cortical and trabecular bone, contributing to the loss of structure and function. As mentioned, developmental studies have shown that IGF-1 is important for the differentiation and maturation of several cell types in the bone, including chondrocytes and osteoblasts (Wang et al. 2006a (Wang et al. , 2011 (Wang et al. , 2013 Xian et al. 2012) . Mesenchymal stem cells, known to give rise to chondrocytes and osteoblasts (Krebsbach et al. 1999; Moerman et al. 2004; Pittenger et al. 1999) , have the capacity to influence bone turnover and regeneration after embryonic development. For example, knock-out of the IGFR in the mesenchymal stem cells of adolescent mice (weeks 3-7) leads to a reduction in osteoblast number along the bone perimeter and an accompanying decrease in peak bone mass (Crane et al. 2013 ). This study suggests that IGF-1 signaling within the stem cell population remains an important regulator of bone cell maturation after birth. Considering this, reduced IGF-1 could influence bone structure throughout life span by altering the differentiation and maturation of stem cells.
One of the potential explanations for the loss of tibia structure and strength in the IGF-1-deficient mice is differential loading of these bones. Our study, along with several previous reports, highlights that mice with reduced circulating IGF-1 weigh significantly less than their control counterparts Bikle et al. 2001; Liu et al. 1993; Wang et al. 2006b; Woods et al. 1996) . Analysis in our current study indicates a strong correlation between body weight and IGF-1 levels at 28 months of age (R 2 = 0.68). Considering that loading positively regulates bone structure and strength, IGF-1-deficient mice may have reduced biomechanical properties in bones because of the reduced loading over time. Our data indicates that the bones of the IGF-1-deficient mice are less capable of resisting force, potentially increasing the risk of fracture; however, it is important to consider that there is less weight-bearing strain placed on these bones throughout the life span. If maximum bending force and stiffness were normalized to body weight, the effect of IGF-1 deficiency would be diminished. While we recognize that the weight-bearing load may influence structure and strength, we are not able to accurately estimate the bone strain during activities of daily living that these mice encounter throughout their life span. Consequently, the influence of the reduced bone structure within the IGF-1-deficient mice on their overall risk of fracture could be debated.
It was recently reported that caloric restriction induces similar age-related effects within weight-bearing bones; cortical and trabecular bone aging is regulated by caloric restriction in a site-specific and length-ofrestriction-dependent manner (Behrendt et al. 2015) . These findings were similar to a previous report indicating that calorie restriction decreases cortical bone but not trabecular bone (Hamrick et al. 2008) . Interestingly, caloric restriction results in decreased body weight and, in several models, decreased circulating IGF-1 (Behrendt et al. 2015; Dunn et al. 1997; Fontana et al. 2008; Hadem and Sharma 2015; Sonntag et al. 1999) . It is of great interest that caloric restriction and IGF-1 deficiency induce similar phenotypes in the bone, as both treatments have been associated with increased life span in several studies (Carter et al. 2002; Ikeno et al. 2006; Richardson et al. 2004; Van Remmen et al. 2001) . Together, these studies may suggest that increased life span may come at the expense of bone health. Nevertheless, the data presented here indicate that the effects of IGF-1 on tibia bone aging appear to be temporally regulated, microenvironment-dependent, and sex-specific. Along with the well-characterized effects of IGF-1 on bone development, these data highlight the complex relationship between IGF-1 signaling and bone.
